ADDITIONAL INDEX WORDS. floriculture, cut flowers, specialty cut flowers, Association of Specialty Cut Flower Growers SUMMARY. High tunnels are well suited for use in the production of floral crops, especially cut flowers. Through the increases in temperature afforded at both ends of the growing season, high tunnels allow earlier and later harvests than are possible in the field. During summer, rain protection and a relatively calm environment provides an ideal growing environment to cut flower crops. In U.S. Department of Agriculture (USDA) Hardiness Zones 3 through 5, the higher temperatures of a high tunnel permit culture of warm-season crops like celosia (Celosia argentea) during summer. Cut flower production allows intensive production on a small land area and provides a high level of income. For these reasons, high tunnels have become a standard part of cut flower growers' farms. Most commonly, they are single-bay structures with roll-up sides, but use of multi-bay complexes is becoming more popular for larger-scale growers. In USDA Hardiness Zones of 7 and higher, high tunnels are shaded in summer to lower interior temperatures and enhance production of shade-tolerant species. Overall, techniques of moderating temperature extremes with shading and ventilation, or use of low tunnels inside to increase minimum temperatures are important options for cut flower production. In the presentation, comparisons will be made in growth and earliness of production and yield for several cut flower species grown in the field and an adjacent high tunnel.
A s other presentations in this colloquium have shown, the definition of high tunnels is rather broad, but emphasizes inground production of crops in simple frame structures usually covered by a single layer of clear polyethylene. Thus, when considering production of floral crops in high tunnels, the emphasis is on flowering plants grown for cut flowers, rather than other categories of floriculture products such as bedding plants, potted flowering plants, and foliage plants that are normally grown in containers (Table  1) . It may be helpful to briefly summarize the worldwide and North American production of cut flowers, for which the use of high tunnels has become important.
The production of cut flower crops worldwide has undergone profound changes in the last 40 years. Whereas the major cut flower crops [rose (Rosa spp.), carnation (Dianthus caryophyllus), chrysanthemum (Dendranthema ·grandiflorum), and alstroemeria (Alstroemeria spp.)] were grown within North America largely for local consumption, they are now almost exclusively imported from South America (Tables 2 and 3) into the United States (Stewart, 2007) . Domestic production used to be concentrated in greenhouses, but energy and labor costs became prohibitive, and the more ideal yeararound production environment and low cost of labor in the countries near the equator made that shift inevitable (Pertwee, 2003) .
High tunnels are widely used in these countries to protect the flowers from rain and wind (Stewart, 2007) (Fig. 1) . While production statistics are not separately gathered for flowers grown in glass-covered greenhouses or plastic-covered high tunnels, it is estimated that the majority of the 15,000 ha of flowers grown under protected cultivation in China are grown in the ground in high tunnels (Jiang et al., 2004) . The cultivation conditions for roses grown as cut flowers worldwide have been most fully described (Pertwee, 2003) , and show that protected cultivation is the norm for countries near the equator, where currently the majority of cut-flower roses are grown (Table 4) .
High tunnel production of cut flowers in North America
With the transfer of production of the major cut flower species to the highland tropics, the North American cut flower industry shifted its focus to flowers that are less easily stored and shipped long distances (Armitage and Laushman, 2003) . At the same time, glass-covered greenhouses were used increasingly for production of potted flowering plants and bedding plants grown in containers, relegating cut flower production to less expensive structures such as high tunnels and to outdoor fields. Production thus became largely seasonal and has involved a large number of ornamental species.
High tunnels provide a number of advantages for the growing of cut flowers. In the northern parts of the United States and Canada, they provide protection against low temperatures, allowing the crop to be planted as much as a month before the same crop can be grown in the open field (Table 5 ). In the fall, the plants can be kept growing for several weeks longer, especially if the field is subject to early frosts. The protected and relatively calm environment of the high tunnel allows plants to grow taller than in an exposed field environment (Table 6 ). Plants in tunnels are not exposed to rain, and thus flower quality is maintained and disfiguring diseases are minimized. In the southern states, the milder winters and higher light levels allow cut flower production over the winter, and species can be grown that would be killed by the cold outdoor conditions. A large number of cut flower species can be successfully grown in high tunnels. Although the list may not be as long as the 87 species described in the Armitage and Laushman (2003) manual on specialty cut flowers, they range from geophytes to annuals and perennials, along with some woody species (Byczynski 2003 (Byczynski , 2005 . In northern areas, the first crop such as tulip (Tulipa spp.), ranunculus (Ranunculus asiaticus), and anemone (Anemone coronaria), is often cold hardy and frequently planted in artificial soil in plastic crates (Byczynski, 2005) . This crop may then be followed by a transplanted crop of snapdragon (Antirrrhinum majus), stock (Matthiola incana), sunflower (Helianthus annuus), and godetia (Clarkia spp.), before a main season species that grows well in warm conditions is planted. Such species include lisianthus (Eustoma grandiflora), trachelium (Trachelium caeruleum), celosia, and amaranth (Amaranthus spp.). Many other species are also possible, and are chosen based on their temperature preferences and market potential. The choice of species to be included for marketing in the fall needs to include a consideration of color preferences for fall flowers, emphasizing the deeper orange and red shades. Specific varieties of sunflower, small-fruited varieties of pepper (Capsicum annuum) that bear fruit above the canopy, and grass species that have ornamental seed heads would fit into this category.
One dominant feature of hightunnel cut flower production is the desire to keep this relatively expensive growing area filled with growing crops for as much of the season as possible. A particular crop may therefore not be as high yielding in the tunnel as outside, when an individual crop such as snapdragon is considered (Table 6 ). The grower often pulls plants out of the tunnel even before all the stems have been harvested to make room for a more valuable crop that will fill out the rest of the growing season. In the field, where weather conditions may only allow one crop per season, time pressure is less, and all the marketable stems on that crop can be harvested over a longer season. When productivity is compared on a per unit time basis, the high-tunnel plants produce more stems per week than those grown outside in almost every case (Table 6 ).
The large number of species that are grown as cut flowers provide one important advantage in the area of pest and disease management: a wide choice of genera among which to rotate to avoid insect and pathogen buildup. As with the reports of disease problems with other types of crops, powdery mildew (Erisyphe, Oidium, and other genera) has been an important disease among susceptible flower species in high tunnels (Byczynski, 2003) . The most persistent insect pest in our trials has been the aphid (Myzus persicae, Aphis gossypii, and other species), especially late in the season. Others have also seen more pressure from thrips (Frankliniella spp.) inside high tunnels than on the same crop outside, presumably because the higher temperature and protection from rainfall keep the insects from being washed off.
Special challenges for high tunnel cut flower production
Extending the season with a high tunnel may expose plants to environmental conditions they would not ordinarily face in a summer growing season. With some species, the daylength early in the season may be short enough to trigger flowering much earlier than in a normal season. For instance, many sunflower varieties are short-day plants and are sensitive to the daylength during the first 3 weeks after emergence (Blacquiere et al., 2002) (Fig. 2) . If these sensitive varieties are transplanted into a tunnel in mid-April from a greenhouse without artificial light, the plants will flower 3 weeks earlier than normal, and with much smaller flowers (Wien, 2007) .
A related problem may occur at the end of the season with flower species that require long days for flowering. Rudbeckia (Rudbeckia hirta) is such a species that, if planted in midsummer in a high tunnel anticipating a fall flower production season, will disappoint by producing a few sessile flowers or none, rather than the showy blooms when planted in spring (Kochanov and Chailakhyan, 1986) (Fig. 3) . For production of long flower stems in this species, artificial light to extend the day or interrupt the night would need to be supplied during the fall production season in the tunnel (Wien, 2006a) . Table 2 . Cut flower sales in the United States, and the proportion produced in the country (Stewart, 2007 Temperature management of high tunnels in which ventilation is manually operated is a major deterrent to tunnel adoption. Tunnels experience temperatures at both extremes. In northern locations, temperatures below freezing early and late in the season can damage crops in a high tunnel. The transparency of polyethylene to infrared radiation allows the heat that builds up inside during the day to dissipate quickly at night. If tunnel vents are closed, the tunnel may ''supercool,'' with temperatures inside falling below those immediately outside (Albright et al., 1985) . The warmer air outside is prevented from warming up the atmosphere in the tunnel. Fortunately, polyethylene manufacturers can decrease the transparency of the film to infrared radiation (termed ''infrared-blocking''), and thereby reduce the heat loss (Montero, 1985) .
Another method of reducing heat loss from high tunnels is placing low tunnel covers of various materials over the plants. As shown in Fig. 4 , the type of material used can allow for as much as 10°F higher temperatures under the low tunnel inside a high tunnel compared with the outside air.
On sunny days, temperatures can build up to dangerously high levels in high tunnels unless prompt and effective ventilation is practiced. Roll-up sides, large end doors, and gable vents are common features in high tunnels that can at least keep maximum temperatures close to those outside the tunnel (Fig. 5) . To moderate temperatures, it may be possible to install shade screens, especially because reduced irradiance would stimulate stem extension. The trade-off between improved growth temperature and reduced productivity due to lower photosynthesis rates needs to be explored for specific cut flower species to determine what screen Table 4 . Worldwide rose production areas (Pertwee, 2003 material and what level of shade would be optimum. An additional challenge, related to moderating high temperature in the tunnel is the air movement through the structure. Although air movement is necessary to prevent temperature buildup, encouraging wind that causes excessive plant movement will lead to shorter-stemmed flowers that have low value as cut flowers. In exposed sites, it may be necessary to install windbreaks that allow efficient air exchange without leading to plant stunting (Wien, 2006b) .
In summary, high tunnels provide an environment in which cut flowers that are not easily stored and shipped can be produced. The protection afforded from wind and rain, and extension of the growing season outweigh the disadvantages of the higher labor requirement than production outside. A wide range of flower species can be grown in high tunnels, and choice of crop will depend on the time of year and market demands. Extending the season by planting earlier or later than normal using high tunnels exposes plants to unusual daylengths and temperatures. Investigating the effect of those conditions on plant performance may become necessary to optimize production.
